This article presents a fully numerical method for predicting multiple pure tones, also known as "Buzzsaw" noise. It consists of three steps that account This is the first fully numerical approach (no experimental or empirical input is required) to predict multiple pure tone noise generation, in-duct propagation and far-field radiation. It uses measured blade coordinates to calculate MPT noise.
engine. Noise generation is modeled by steady, part-annulus computational fluid dynamics (CFD) simulations. A linear superposition algorithm is used to construct full-annulus shock/pressure pattern just upstream of the fan from part-annulus CFD results. Nonlinear wave propagation is carried out inside the duct using a pseudo two-dimensional solution of the Burgers' equation. Scattering from nacelle lip as well as radiation to farfield is performed using the commercial solver ACTRAN/TM. The proposed prediction process is verified by comparing against full-annulus CFD simulations as well as speeds, this rotor locked field decays exponentially with upstream distance.
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In a hypothetical fan blade where all blades are identical, identically repeat-11 ing (in blade passing time) pressure pattern would be observed, which would 12 result in noise at the fundamental and the harmonics of the rotor blade pass-13 ing frequency. However, due to minor blade-to-blade variations (due either 14 to manufacturing or installation), the pressure (shock) pattern is irregular 15 and sub-harmonics of the rotor blade passing frequency are also generated. Fig. 1 , where the operating line and the 'start-unstart boundary' crossover, 43 determines the design speed at which the fan will switch from the "started" 44 to the "unstarted" state during cut-back and lead to generation of MPTs. Several articles [1, 3, 4, 5, 6, 7] have investigated the problem of mul- 
Prediction Process

71
A summary of the proposed MPT prediction process is provided below.
72
Each of the steps are described in detail in the following sections. 
where, C m = C mR + iC mI are complex, i = √ −1, and C 0 = 0 because the 
Linearity assumption is made to assert that the change in throat area of one
151
passage is equal and opposite to the change in throat area of the other pas- to the throat area gives the relation
where exp(iδθ) accounts for the phase shift due to the separation in θ of the 
which gives the following relation between the Fourier coefficients of p (θ)
or,
with prescribed stagger variations can be constructed by scaling these by the 162 passage variation for each blade passage and summing over all passages.
163
In the previous analysis by Gliebe et al. 
4.
Step #2: In-Duct Propagation
190
In-duct propagation of MPT noise is carried out for both hard-wall as well 
where, m is the harmonic number of the shaft frequency as well as the az- liner.
203
The two summation terms on the right hand side of Eq. 7 represent eigenvalue problem:
In Eq. 8 P is the acoustic pressure, r is the radius normalized by the casing 247 radius, η is the non-dimensional frequency, M is the absolute flow Mach 248 number, and k x is the non-dimensional axial acoustic wavenumber. For soft 249 wall ducts, the acoustic boundary condition at r=1 is 
where, κ is the non-dimensional radial wavenumber. Equations 10 and 11
256
are solved together for the axial wavenumber, k x . The imaginary part of 257 k x , which represents damping due to acoustic liner, is used to compute σ m
258
(required for use in Eq. 7) using the "time of flight" [8] relation as follows:
In above, k x is the axial wave number for the m th mode, B is number of 
The boundary condition at the wall is specified as
Ideally, the attenuation factor σ m in the nonlinear code should be ob- 
where, δ is the boundary layer thickness normalized by the duct radius,
279
M 0 is the core mean flow Mach number, K = k x /η, α = η 2 − iηA, and
The velocity profile in the boundary layer is given by
where ξ = 1 corresponds to the outer edge of the boundary layer. As ex-
282
pected, when δ = 0, Eq. 15 reduces to Eq. 9, the boundary condition for 
where
Note that when δ = 0, Eq. 17 also reduces to For the mode with azimuthal order 3 (EO=3), boundary layer thickness 294 does not show much effect on the axial attenuation of the mode. As the mode 295 order is increased, the boundary layer effect becomes more significant. This and the first radial modes for a hardwall duct have peak pressure at the 338 casing (see Fig. 12 a) , the output of the nonlinear propagation code directly 
Comparison against Static Engine Test Data
349
The prediction approach described above is applied to predict MPT noise transducers, relative to the fan blade leading edge, are shown in Fig. 13 (a) .
369
The locations of the near-and far-field microphones, relative to the engine 
In-Duct Wall Pressure Comparison
375
The linear superposition algorithm (described in Section 3) is applied 376 using as-measured blade stagger angles to compute the MPT spectrum just for the hardwall configuration are presented in Fig. 15 found to be acceptable.
386
The same approach is employed for the lined-wall cases. In the nonlinear 387 propagation using the pseudo 2-D method, liner attenuation is modeled using The relatively small difference between the spectra from the ACTRAN 3- is not modeled, and (3) facility noise.
449
It should be noted that the pseudo 2-D nonlinear propagation method 
Trend Predictions
457
The fundamental goal of a noise prediction software is to guide the de- The proposed prediction methodology is applied to a typical high bypass 
